INTRODUCTION
describe how the scale is operationally defined for temperatures greater than 0.65 K in terms of vapor-pressure thermometry, gas thermometry, platinum resistance thermometry, and optical pyrometry. These reviews also present numerical and graphical comparisons between the ITS-90 and the IPTS-68 (T68) and numerical comparisons with EPT-76. In particular, the Working Group of the ComitC Consultatif de ThermomCtrie has also prepared a monograph "Techniques for Approximating the International Temperature Scale of 1990" (ref. 5 ) which contains a discussion of the techniques used to establish and use the ITS-90. The officially established tables of differences between the ITS-90 and the EPT-76 and the IPTS-68 are given in reference 1 and are also given in references 2-6. The range of differences encountered over several temperature intervals are: -9 mK to +14 mK over the interval 15 K to 310 K; zero to -124 mK over the interval 310 K to 930 K and -2.58 K to 4 . 3 6 K over the interval 930 K to 4300 K. However, it should be noted that these differences are given to an imprecision that is less than the realizable accuracy of the IPTS-68. The temperature scales preceding the most recent ones (IPTS-68, EPT-76, and ITS-90) are the IPTS-48 (also known as ITS-48), the ITS-27, and the Normal Hydrogen Scale (NHS). The latter scale was established in 1887 (ref. The main effects of the ITS-90 on the field of thermodynamics are twofold. Firstly, for the most accurate work, temperatures measured with thermometers that are not recalibrated to the ITS-90 must be converted to the new scale. Secondly, thermodynamic quantities already published in the literature and based on previous temperature scales will be changed in relation to the ITS-90. The methods for making these changes and their magnitudes need to be set out. For very many cases it is found that these corrections are much smaller than the uncertainties in the measurements and therefore can be neglected. The present article addresses these items in order to assist the thermodynamics community affected by the change in the temperature scale. Accordingly, we have: (1) constructed tables which permit one to adjust temperatures reported on the earlier temperature scales to the ITS-90; (2) summarized procedures that can be used to make the necessary adjustments in thermodynamic results; and (3) given results of some calculations of the approximate effects on thermodynamic properties due to the change from the IPTS-48 and IPTS-68 to the ITS-90.
DIFFERENCES BETWEEN THE ITS-90 AND EARLIER TEMPERATURE SCALES
The officially recommended differences between the ITS-90 and the EPT-76 and between the ITS-90 and the IPTS-68 are given in Table VI of reference 1. This table contain the differences (Tg0 -T76)/K and (Tg0 -T68)/K as functions of T9& and (tgo -t68)Pc as a function of tgJ'C. However, what is generally needed for the adjustment of results reported on earlier temperature scales is a table of differences as a function of the temperature on that earlier scale. Thus, Table 1 (t68Pc = -180 to 4000) and Table 2 (T68/K = 14 to 4300) in this paper have been constructed from Table VI in reference 1. In these tables the differences in the two scales are given as the quantity 6 equal to either (tg0 -t68)Pc or (Tg0 -T68)/K as a function of, respectively, t68Pc or T68/K.' These tables also contain values of the derivatives of the differences (d6/d(T/K)) as a function of the temperature of the earlier scale. These derivatives were calculated numerically for temperatures less than 1337.15 K (1064 "C). Here we have used the EOlBEF subroutine in the NAG Library (ref. 8) to obtain a piecewise monotone cubic Hermite interpolant to the temperature differences. The derivatives are also calculated with this subroutine. Mathematical subroutines that will accomplish these types of operations are generally available (ref. 9). For temperatures higher than 1337.15 K, we used an exact equation (eq. (10) below) to obtain the derivatives. These derivatives will be needed later for the adjustment of thermodynamic properties from the IPTS-68 to the IPTS-90. Also note that there is a discontinuity in the derivative dG/d(T/K) at rgJ'C = 630.6 or Tg& = 903.75. In a similar manner, Table 3 , which contains the differences 6 = (Tg0 -T76)/K and derivatives of these differences d6/d(T/K) as a function of T7&, was constructed from Table 6 in reference 2 and Appendix A in reference 5. Table 1 .III in reference 7 contains approximate differences (f68 -t48)/K as a function of t68Pc from t68Pc = -100 to 4000. We have used these differences and Tables 1 and 2 in this paper to construct Table 4. This table gives the differences 6 = (fg0 -f48)Pc and the derivatives of these differences dG/d(T/K) as a function of t4$0C. Similarly, from Table 1.11 in reference 7, which gives approximate differences ($7 -f48)/K as a function of t27PC, and with Tables 1,2 , and 4 in this paper, we have constructed Table 5 .
This table contains the approximate differences 6 = (rgo -t27)PC and derivatives of these differences dG/d(T/K) as a function of t27PC. For t2,PC < 630, the same values given in Table 4 for t48Pc should be used since the definition of the ITS-27 and the IPTS-48 are identical below that temperature (ref. 7).
Although not an internationally recognized temperature scale, the National Bureau of Standards realized and maintained a scale of its own (NBS-55) for the temperature interval 13 K to 90 K from 1955 until the establishment of the IPTS-68. A table of the differences (T68 -TNss-55) as a function of TNss.55 is given in Appendix C in reference 10.
+A second-order correction to the differences is needed due to the shift in the independent variable from T9& (or tgJ'C) to T68/K (or t68Pc). However, this second-order correction was found in all cases to be less than the least significant figure given for the differences between the two temperature scales. A point related to the construction of all of the tables and equations given in this paper pertains to the notation used for temperature. When it is necessary to specify the temperature scale, it is current practice to attach a subscript to the thermodynamic temperature (7') and to the Celsius temperature (t). Thus, the temperature on the ITS-90 is expressed as Tgo or fg,,. The kelvin is kept fixed at exactly U273.16 of the thermodynamic temperature of the mple point of water. The Celsius temperature is defined by: rPC = T/K -273.15.
The Normal Hydrogen Scale (NHS) was adopted in 1887 by the Comitt International des Poids et Mesures. This scale had been developed by Chappuis and was based on gas thermometry measurements with the ice and steam points fixed at 0 O C and 100 OC, respectively. The initial range of this scale was -25 "C to 100 O C but was gradually extended (ref. 7). If it is assumed that there were no errors in the determination of the ice and steam points and that the scale is linear over its entire range, the following relationships are obtained :
(1)
To summarize, Tables 1-5 can be used to locate conveniently both the appropriate differences and the derivatives of these differences for the conversions from the ITS-27, the IPTS-48, the IPTS-68, and the EFT-76 to the ITS-90. 
A~ALYTICAL EQUATIONS FOR THE CONVERSION OF q8 TO T~, ,
Analytical equations for the differences between the ITS-90 and the IPTS-68 are also useful. It should be noted that a discontinuity in the first derivative of (T90 -T68) with respect to T90 occurs at 903.75 K (630.6 "C).
For the interval 903.75 K to 1337.33 K (630.6 OC to 1064.18 "C), (T90 -T68)/K is reproduced to within about 0.01 K by:
The first derivative in this temperature interval is: (T90 -T68)/K' However, the derivatives calculated from the above equations are smoother than those obtained from the Hermite interpolant. As is shown below, the effects on thermodynamic properties due to the change from IPTS-68 to the ITS-90 are almost always within the experimental errors of the property measurements. Thus, it is highly unlikely that the uncertainties in the derivatives d(T9o -T68)/dT90 will have a substantive effect on the calculated adjustments. If, however, the actual property measurements should be of exceptional accuracy, it is recommended that such results be recalculated with a point to point conversion of each temperature to the ITS-90.
CONVERSION OF THERMODYNAMIC QUANTITIES
For the most accurate thermodynamic results, it is preferable to change the temperature of the original work to T90 as outlined above and then convert the thermodynamic quantities to this basis. However, equations for correcting thermodynamic quantities directly due to the shift in temperature scale have been derived by Douglas (ref. 12) . Taylor expansions of the enthalpy H, heat capacity Cp, and entropy S result in exact equations in infinite series from which the corrections 6H, 8Cp, or 6s are determined. The differences between the temperatures of the ITS-90 and the IPTS-68 are sufficiently small to justify dropping higher order terms in these infinite series to produce simpler but approximate equations with sufficient accuracy for nearly all cases, one exception being in the region of sharp transitions. The simplified equations for the changes in the enthalpy, heat capacity, and entropy are, respectively:
Here, T, is the thermodynamic temperature on any of the earlier scales (NHS, Also, we have sometimes used previously fitted results to obtain the approximate differences in thermodynamic properties given in Table 7 . We note that the fitting process tends to produce smooth results and, in doing this, it tends to minimize the effects of errors in the measurements, including any errors in the thermometry and in the temperature scale used in the study. Thus, i f one wishes to obtain accurate values of the thermodynamic properties on the ITS-90, it is preferable to correct the original results to ITS-90 and then to perform the desiredfit to the results rather than to use the Douglas equations to adjust results which have already been fit. Therefore, while the differences in thermodynamic properties obtained with the Douglas equations are satisfactory for the purpose of assessing the approximate effects on thermodynamic properties due to differences in temperature scales, the fitted results of a study based upon an earlier temperature scale may have already smoothed out some of the experimental detail in the original measurements. Thus, while exact results will not be obtained with eqs.
(1 l), (12) , and (13), they should suffice for the calculation of approximate differences in thermodynamic properties.
Accordingly, we have used eqs. (ll), (12) , and (13) to assess the effects of the changes from the ITS-68 to the ITS-90 on the thermodynamic properties for six materials which were selected to cover a wide range of temperature. 23, 24) . The results of these calculations are given in Table 7 for the change from IPTS-68 to ITS-90 and in Table 8 Tables 7 and 8 at appropriately spaced temperature intervals. Thus, these two tables can be used to assess the approximate effects on thermodynamic properties due to the changes in these temperature scales (IPTS-48 and IPTS-68) to ITS-90. If the inaccuracies in the results are judged to be less than the approximate effects given in Table 7 (or Table 8 ), then a recalculation of the original results is clearly justified. In some cases the imprecisions in the results used to construct Tables 7 and 8 are less than the approximate differences given for the temperature interval 903.75 K to 1320 K (Table 7 and Table 8 ) and for the temperature interval 100 K to 400 K (Table 8) 
From 680 O C to 880 O C (T = 953.15 K to T = 1153.15 K) the absolute values of these new temperature differences and the absolute values of the temperature derivatives of these differences are substantially less than the corresponding quantities given in Tables 1 and 2 . Thus, the approximate differences in thermodynamic properties calculated with these new temperature differences and the new temperature derivatives of these differences will be substantially less for the temperature interval 953 K to 1153 K than the approximate differences given in Tables 7 and 8 . TABLE 8 . Approximate effects on thermodynamic properties (heat capacity, enthalpy, and entropy) of several substances due to the change in the temperature scale IPTS-48 to the ITS-90. C,(x>, H(x), and S(x) are, respectively, the heat capacity, enthalpy, and entropy based either on the IFTS-48 or on the TTS-90 scale. 250  300  350  400  500  650  800  850  900  920  950  980  1000  1020  1050  1080  1100  1150  1200  1600  2000  2150  2400 
